Development of next generation batteries requires a breakthrough in materials. Traditional one-by-one method, which is suitable for synthesizing large number of sing-composition material, is timeconsuming and costly. High throughput and combinatorial experimentation, is an effective method to synthesize and characterize huge amount of materials over a broader compositional region in a short time, which enables to greatly speed up the discovery and optimization of materials with lower cost. In this work, high throughput and combinatorial materials synthesis technologies for lithium ion battery research are discussed, and our efforts on developing such instrumentations are introduced.
Introduction
Ever since the first commercialization by Sony in 1991, lithium ion batteries(LIBs) have been ubiquitously used as power sources for most of today's portable electronic devices, hand tools and electric vehicles. Recently, LIBs have been considered as one of the best candidates for large-scale energy storage applications due to their high energy density, long service life and low environmental impact [1e4] . Although the overall performance of LIBs has been significantly improved compared to the original Sony LIBs, current LIBs still cannot meet the growing demand in energy density and safety.
Much effort has been put to further improve the performance of LIBs. It is well recognized that searching for new electrode materials is crucial. A number of Ni-base layered structure cathodes, such as LiNi 0.8 Co 0.15 Al 0.05 O 2 (NCA) [5] , LiNi 1/3 Mn 1/3 Co 1/3 O 2 (NMC-333) [6] and NMC-532 [7] , have been widely studied and replacing Co with Ni results in a higher reversible capacity (over 200 mAh/g) and better structural stability. However, the reactivity of the high Ni-content electrodes with electrolyte and the thermal instability at high charging state, which results in capacity fading and safety issues, is still a concern [8] . For the anode materials, Si has been considered as one of the most attractive anode materials because of its high capacity (theoretical capacity: 4200 mAh/g) and abundance [9] . However, Si suffers from rapid capacity fading due to large volume expansion during lithiation, which hampers its application [10] .
Next generation batteries with higher energy density, lower cost, better safety, and better environmental compatibility require the discovery of new electrode/electrolyte materials and rapid optimization of processing techniques. Compared to traditional one-by-one method, high-throughput experimentation enables to synthesize and characterize a large number of compositionally varying samples in a very short time, which can speed up the discovery and optimization process of materials. In this work, high throughput and combinatorial materials synthesis methods for lithium ion battery research are discussed, and our efforts on high throughput instrumentation development are also introduced.
Thin film combinatorial methods
Thin-film synthesis is a typical technique to create combinatorial libraries and composition spreads, which has been great developments in the high-throughput materials synthesis [11] . The preparation process for thin-film samples typically contains two steps: deposition of multiple solid state materials as thin films in varying ratios on substrates and thermal processing of the samples to mix the materials and form either stable or metastable compounds [12] . The combination of thin film deposition has been remarked as the method of the combinatorial approach for battery research.
Co-sputtering technique can be traced to early research on alloy phase diagram in the 1960s [13] , which is a facile method to prepare gradient film without need of shadow masks. Whitacre et al. [14] fabricated hundreds of batch-fabricated cells with slightly different cathode compositions using a co-sputtering technique (radio frequency planar magnetron sputter system) in less than 10 work hours. To fabricate a compositional gradient, the substrate was placed between the two targets of LiMn 2 O 4 and LiNiO 2 during deposition, as shown in Fig. 1 . After deposition, the substrates were annealed for 30 min at 700 C in air for inter-diffusion and crystallization of the cathode materials. Full test cells were subsequently produced by sputtering LiPON electrolyte and evaporating Li metal on the cathodes, respectively. The thin film cathodes had similar structural and electrochemical properties as bulk-fabricated powder electrodes, which demonstrated that the combinatorial approach may serve as a powerful tool in the discovery and optimization of the electrode materials. Besides sputtering technique, pulsed laser deposition (PLD) have been used for combinatorial synthesis. Matsumoto et al. [18] using PLD with a combinatorial moving mask synthesized Li 2 CO 3 ÀCoO composition spread thin film, as shown in Fig. 2 . Single-phase LiCoO 2 thin film was obtained in a very narrow composition region and the LiCoO 2 thin film with a stoichiometric Li:Co ratio exhibited a good electrochemical performance.
Combinatorial robot system
The combinatorial robot systems have been successfully applied to find promising materials in the fields of pharmaceutical and biomaterial. The automatic robot can ensure accuracy and repeatability in the experimental process, which is a suitable technique for oxide powder synthesis with liquid starting raw materials.
Yanase et al. [19] have developed a combinatorial robot system for LiCo 1-x Mn x O 2 powder synthesis, as show in Fig. 3 . The robot arm with an automatic micropipette ( Fig. 3a ) was used to dispense and mix starting solution or slurry materials. The mixture samples were distributed to a sample plate, and subsequently dried and heated at high temperature to produce the desired combinatorial samples. Carey and Dahn [20] used a combinatorial solutions-processing robot for combinatorial study of the Li-Ni-Mn-Co oxide pseudoquaternary system and nearly 800 distinct compositions were prepared to screen for single-phase cathode materials. Takada et al. [21] used the similar method to create an electrode array with 16 samples and evaluated them within 3 h.
Fujimoto et al. [22] developed a combinatorial electrostatic spray deposition system via combining a robot system with highvoltage power supply, as shown in Fig. 4 . The liquid mixture of starting materials was fed into a stainless steel nozzle, which was fixed on the robot arm and charged with a high-voltage, and atomized from the nozzle onto a substrate. A series of layered-type pseudo four-component Li-Ni-Co-Ti oxides were prepared by the combinatorial preparation system and reaction phase diagrams were established.
Automatic robot systems have been also applied to the parallel preparation and screening of cathode electrodes for optimizing contents of binder and carbon black in lithium ion batteries [23a,23b] . The mixtures with desired ratio of active material, binder, acetylene black and cyclopentanone were used as inks, and were distributed on the corresponding current collectors of a 64-channel cell by a Multiprobe II automated liquid handling system (Perkin-Elmer Life Sciences). 64-electrodes were cycled simultaneously and results on the effect of carbon black in the electrodes matched that of conventional experiments in the same condition, showing that the electronic percolation threshold is at 3% by volume.
Our high throughput materials synthesis technologies
We have developed multiple combinatorial deposition systems that can be applied to new materials discovery for lithium ion battery development. Our combinatorial magnetron sputtering system (Fig. 5a ) with 5 independent sputtering sources (AC or DC) and a rotatable 16-sample mask, is designed for quinary thin film deposition for lithium ion battery cathode, anode, or solid electrolyte research [25] . Our combinatorial spray pyrolysis technique can be used for rapid screening of cathode materials and solid electrolytes (Fig. 5b) [26] . Take inorganic-polymer composite electrolyte for example. By varying the ratio between polymer electrolyte and ceramic electrolyte, a balance between composite electrolyte's electrical and mechanical properties can be achieved through the high throughput screening [24] . Various polymer hosts, liquid electrolytes, and solid inorganic electrolyte powder suspensions are loaded into different channels of the multi-channel syringe pump, and concurrently pumped and mixed at different ratios. The mixture is atomized by the ultrasonic spray nozzle, and ) with the sample position X [18] . Fig. 3 . Combinatorial robot system for mixing starting raw materials such as inorganic aqueous solution [19] .
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sprayed onto the heated stage with the assistance of the compressed gas. An adjustable aperture is mounted below the nozzle to define the spray coating area. Beside the in-situ preparation at a single temperature by the heating stage, the samples can be processed ex-situ at various temperatures with a high throughput tube furnace, such as our 16-channel tube furnace up to 1100 C, for rapid process optimization [27] . A high throughput battery materials synthesis production line, which incorporates high throughput dispensing, mixing/milling, pressing, heat processing, and coating, is developed by us (Fig. 6 ) [28] . Compared to the combinatorial thin film deposition or low volume powder synthesis techniques, this production line enables (2017) 1e7 4 automatic, higher volume (several gram or ml) synthesis and processing of powder/slurry materials, and fabrication of cathode/ anode foils or solid electrolyte discs in high throughput approaches. It allows new material screening in a setting closer to practical use, such as in a crimped coin cell or in an assembled split cell.
Our high throughput materials synthesis production line save time and labor, reduce operator fatigue, and minimize human errors. It consists of instruments for 5 processing steps:
(1) Dispense e high throughput, automatic dispensing of solid powders and liquid precursors for electrode/electrolyte powder synthesis. For solid powder dispensing, four or more powder dispensing heads and balances, with one dispensing head for each material component, are integrated with a carousel type sample changer for automatic powder dispensing with varying ratios between different material components [29] . Up to 32 samples with 10 g weight can be prepared with 0.01 g resolution. For liquid dispensing, an automatic pipette robot is integrated with a XYZ stage, enabling up to 96 samples preparation with 2 ml volume and 0.2 ml resolution [30] .
(2) Milling/Mixing e high throughput ball milling of the asdispensed powder samples, and high throughput homogenizing of high viscosity cathode/anode slurry samples. With 4 sets of 4 cavities milling jars, totally 16 parallel ball milling experiments of 2 ml samples can be carried out in a planetary ball mill machine [31] . Similarly, with two 3-syringe holders, the existing planetary centrifuge mixer can be modified into a high throughput equipment, mixing 6 different high viscosity samples of 5 ml in one automatic run. (3) Pressinge high throughput pellet pressing of cathode, anode, or solid electrolyte powders for sintering process. A 10 ton electric hydraulic press is integrated with a carrousel type sample changer for high throughput pellet pressing. The asprepared pellets are then placed inside tube furnace for heat processing in a controlled gas environment, or used for coin cell assembly. (4) Heating e multi-channel high temperature furnace with atmosphere control for high throughput sintering, annealing, or quenching operations of electrode/inorganic solid electrolyte powder or pellets. The existing instruments includes a 16-channel tube furnace up to 1100 C with 1 00 OD processing tubes and quenching options [27] , and a compact,4-channel tube furnace up to 1700 C with 1 00 OD processing tubes [32] . Up to 100 g sample can be heat processed in each furnace channel, either in a controlled gas environment or in vacuum. Fig. 6 . Our high throughput materials synthesis production line, which includes high throughput dispensing, mixing/milling, pressing, heat processing, and coating. (5) Coating emulti-channel coating of electrode slurry or composite electrolyte slurry onto the foil substrate. With addition of a 4-channel film applicator, existing doctor blade coater can be modified into a high-throughput equipment [33] . Four strips of different slurry coatings can be fabricated in one automatic coating operation. The as-prepared coatings are then passed onto heated roller press for solvent evaporation and thickness reduction, and coin cell die cutter for high throughput preparation of cathode, anode, or flexible composite electrolyte discs.
Summary
In summary, high throughput and combinatorial materials synthesis technologies for lithium ion battery research, including thin film coating methods and combinatorial robot methods, are reviewed and discussed. Thousands of compounds with different compositions are able to be rapidly prepared for subsequent analysis of physical and electrochemical properties in a short time by these methods. Our high throughput capabilities of abovementioned experimental instruments are summarized in Table 1 , and discussed in terms of sample handling capacity, number of parallel experiments, number of total experiments in one automatic operation, and Ar gas glove box compatibility. The Ar gas glove box compatibility is crucible for synthesis of moisture/nitrogen sensitive battery materials, such as lithium metal anode and Li-S solid electrolyte. These experimental instruments enable the scale-up transition from the low volume combinatorial materials synthesis technique to a high throughput materials production line which includes dispensing, mixing/milling, pressing, heat processing, and coating. It further increases the productivity and reduces time and cost for new material discovery of lithium ion battery research. 
